New experimental aspects of multiplicative noise effects on the onset of ac-driven electroconvection in nematic liquid crystals are presented. In the superposition of a stochastic field with a deterministic one, the variation in the threshold voltage V c (of the deterministic one) was investigated as a function of the intensity (V N ), cutoff frequency ( f c ), and correlation time ( N ) of the stochastic noise. In particular, it is observed that the noise effects vanish for certain stochastic and deterministic conditions. Multiplicative noise effects in spatially extended systems are one of the interesting subjects for the investigation of pattern formation in nonequilibrium systems.
Multiplicative noise effects in spatially extended systems are one of the interesting subjects for the investigation of pattern formation in nonequilibrium systems. [1] [2] [3] [4] [5] [6] The noiseinduced shift in the transition point is well known for many different systems. 5, 6) In particular, the present ac-driven electrohydrodynamic system in liquid crystals has been intensively studied from this point of view. [7] [8] [9] [10] [11] [12] [13] In the system, a nematic liquid crystal sandwiched between two electrodes is subjected to an external electric field. If the field is pure deterministic, one finds a rich variety of stationary and nonstationary patterns. 14, 15) The primary electroconvective pattern, the so-called Williams domain (WD) , is induced at a threshold field by the well-known Carr-Helfrich instability. [16] [17] [18] By increasing the field and changing its frequency, one also observes various secondary instabilities such as zigzag instability, Eckhaus instability, and abnormal roll instability. 14, 15, 19) On the other hand, if an external stochastic noise is superimposed with the field, the system is expected to show new aspects of pattern formation. This kind of noise is called multiplicative, which strongly depends on the state of the system. Up to now, several groups have extensively investigated the threshold shift for the onset of electroconvection by considering the intensity and correlation time of the noise. [7] [8] [9] [10] [11] [12] [13] 20) Previous experimental results are as follows: (i) The superposition of the stochastic noise (V N ) increases the deterministic threshold voltage (V c ) for WDs. This means that the noise plays a role in stabilizing the initially stationary state of the system. (ii) For a relatively small intensity of the noise, there is a linear relation between V 2 c and V 2 N . [7] [8] [9] [10] 13) The slope of the linear relation is affected by the correlation time of the noise ( N ). For certain correlation times comparable to the characteristic time of the system ( 0 ), the slope becomes flat (i.e., no effect of the stochastic noise is induced). For large N , the slope becomes negative (i.e., the destabilizing effect of the noise decreases the threshold V c ).
12) (iii) A direct transition to turbulence as well as an exchange of the occurring stable structure was observed for larger V N . 11, 12) (iv) The nonlinear onset time for the appearance of the patterns was measured as a function of V N . 11, 12) (v) Very recently, the wave number dependence of the threshold V c and noise-dominated patterns for the first instability have been reported. 13) In theoretical studies, on the other hand, the observed linear relation was successfully explained, although the physical approaches used were quite different. [7] [8] [9] [10] 20) Moreover, the relation was also reported in other systems such as a magnetic (or electric) field-induced Freedericksz transition, which deals with a spatially homogeneous instability in order to avoid the wave number dependence of the noise. 1, 21) Recently, Behn et al. have successfully reproduced the wave number dependence of the noise in their stochastic stability model. 7) They have indicated the possibility of a discontinuous behavior of V c , but have not investigated it experimentally yet.
In both experiment and theory, there remain many unclear aspects of stochastic effects on instability problems and pattern formation in nonequilibrium systems. In this paper, we report new experimental aspects of the threshold problem for an electrohydrodynamic system. The threshold V c was investigated as a function of the intensity (V N ), cutoff frequency ( f c ), and correlation time ( N ) of the noise at various frequencies ( f s ) of a deterministic field and at different noise intensity rates (N). Also, the threshold curves V c ð f s Þ were investigated in detail for both stochastic and pure deterministic cases.
As shown in Fig. 1 (a), a stochastically fluctuating voltage VðtÞ ¼ V p S sinð2 f s tÞ þ V p N ðtÞ was applied across a thin layer of a nematic liquid crystal, p-methoxybenzylidenep 0 -n-butylaniline (MBBA) sandwiched between two parallel electrodes (indium-tin oxide). Here, ðtÞ represents the amplitude distribution for Gaussian-type noise. The gap between the electrode surfaces with planar alignment is d ¼ 50 mm and the lateral (active) size is 1 Â 1 cm 2 . The external voltage VðtÞ was generated using software for wavegenerating synthesis (Hioki 7075 and 7990), and amplified using a wide-range amplifier (FLC Electronics). In this study, we controlled noise intensity rate N ¼ V p N =V p S (¼ 0 { 4:0) to investigate the stochastic effect. Threshold voltage and noise intensity were measured as
, respectively. The patterns were observed in the plane parallel to the electrodes using a charge-coupled-device camera (Sony XC-75) mounted on a polarizing microscope (Meijitech ML9300), as shown in Fig. 1(b) . In order to capture and analyze the patterns on a computer, we used image processing software (Scion Image Beta 4.0.2) and an image board (Scion PCI-VE5). All of the measurements were carried out at a stable temperature (T ¼ 25 AE 0:2 C) using an electrothermal control system (Japan Hightech TH-99). At this temperature, electric conductivities and dielectric constants for the liquid crystal in our sample cell were measured to be k ¼ 5:03 Â 10 À8 À1 m À1 and ? ¼ 4:16 Â 10 À8 À1 m À1 , and " k ¼ 4:74 and " ? ¼ 5:52, respectively, with a LCZ meter (NF 2341). Here, the subscripts k and ? represent the orientation parallel and perpendicular to the director of the liquid crystal, respectively.
First, the threshold-shift problem was investigated to understand multiplicative noise effects. With varying N, the V c -V N relation was measured for different f s values of the deterministic field and a fixed cutoff frequency f c (¼ 250 kHz) of the noise spectrum. As shown in Fig. 2(a) , the linear relation (V Below V Ã N , moreover, the slope becomes gently inclined with a decrease in f s . Therefore, the sensitivity of the noise to the threshold shift in our system (i.e., the slope b) increases with an increase in the frequency ( f s ) of the deterministic field. In the inhomogeneous state after the onset of convection, the slope b should be stipulated with the wave number of patterns (i.e., WDs) as well as material parameters such as viscoelastic and electric properties. Considering the f s dependence of the wave number k WD for WDs, 19) the variation in the slope bð f s Þ in Figs. 2(a) and 2(b) can be intuitively understood. In addition, abrupt changes in V c0 ð f s Þ and bð f s Þ at f s $ 10 Hz and nearly flat slopes (b $ 0) below f s ¼ 1 Hz were found. Although we did not go into details, these changes must have originated from the instability mode change (i.e., from the isotropic mode to the Carr-Helfrich mode).
22)
Furthermore, we found that the Carr-Helfrich threshold curve V c ð f s Þ markedly changes with varying noise intensity rate N. Figure 3(a) shows the V c ð f s Þ for different N values and a fixed f c (¼ 250 kHz). Compared with that in the case of the absence of the noise (N ¼ 0), the threshold curve V c ð f s Þ monotonically shifts to a higher voltage with an increase in N. Moreover, the change in the threshold curve V c ð f s Þ was investigated at different values of f c , as shown in Figs. 3(b) and 3(c) . In particular, the change in a relatively low f c -case (¼ 20 kHz) is quite noteworthy, as shown in Fig. 3(c) . The threshold curves for large N (¼ 0:8; 1:2) unusually deviate from the standard Carr-Helfrich curve, 22) not showing a simple threshold shift such as that observed in (N ¼ 0; 0:4) increases monotonically as shown in Fig. 3(c) . Owing to the intensity rate (N) and cutoff frequency ( f c ) of the noise, there exists a certain minimal threshold voltage V cm (e.g., V cm $ 10 V for N ¼ 1:2, f s ¼ 50 Hz, and f c ¼ 20 kHz). Namely, for a relevant frequency f sm , the noiseinduced stabilization effect is minimum. To our knowledge, no such unique behavior was found in previous experimental and theoretical studies.
Next, we investigated the dependence of the cutoff frequency f c on the threshold voltage V c . For a fixed f s ¼ 80 Hz of the deterministic field, V c ð f c Þ was measured for different noise intensity rates N, as shown in Fig. 4(a) . For a small N ¼ 0:2, V c decreases with an increase in f c and saturates to a certain value of V c0 ($ 10 V for f s ¼ 80 Hz and N ¼ 0 in Fig. 3 ). However, it is found that a valelike shape of V c ð f c Þ appears faintly with increasing N. In particular, V c ð f c Þ for lower f c shows much higher value than V c0 . Thus, for an intermediate-f c region, the stabilizing effect of the noise is minimum. Considering V c0 $ 10 V in the absence of the noise (N ¼ 0), the effect nearly vanishes in the intermediate-f c region (V c $ 10 V at f c $ 1 kHz). Furthermore, we measured V c ð f c Þ at different frequencies f s (¼ 10 and 50 Hz) for a fixed N ¼ 0:8, as shown in Fig. 4(b) . The threshold curve V c ð f c Þ shifts to a lower value owing to the decrease in f s . The interesting valelike shape for V c ð f c Þ fades with decreasing f s . For these reasons, the unique behavior of V c ð f c Þ appears for an appropriately large N and a high f s .
Finally, we investigated the correlation time N (of the noise) dependence of the threshold voltage V c . In fact, the above-described f c dependence of V c may have originated from the correlation time of the noise. Thus, V c ð N Þ in Figs. 5(a) and 5(b) could be transcribed from V c ð f c Þ in Figs. 4(a) and 4(b) , respectively. Obviously, the threshold voltage (V c ) strongly depends on the correlation time of the noise ( N ). From Fig. 5(a) , at a fixed f s ¼ 80 Hz, V c deceases exponentially, and then increases smoothly with N . Roughly speaking, V c ð N Þ shows such behavior with no dependence of N. With decreasing f s , however, V c ð N Þ shows a monotonic exponential decrease, as seen in Fig. 5(b) . This means that the deterministic frequency f s (i.e., the wave number k WD ) is an important factor for this behavior of V c . 7, 13) This result shows a good qualitative agreement with previous studies 12, 21) only for a (low) fixed f s (e.g., 30 Hz in ref. 12 ). However, the present unique behavior of V c ð N ; f s Þ is not observed in both previous experimental and theoretical studies. 7, 21) The nonlinear k WD dependence of V c is more In the case of a high f s , on the other hand, the valelike shape still appears in the N -V c plane. Namely, there exists a correlation time region for a minimal noise-induced stabilizing effect on the state. Considering V c ð f s ; N ¼ 0Þ in Fig. 3 , the effect is nearly zero. In particular, the present correlation time N for the region is on the order of 10 À4 s, which is roughly consistent with the characteristic time 0 for our system (in the present sample cell, the characteristic angular frequency ! 0 ð$ À1 0 Þ ¼ 2 f 0 $ 1300 s À1 , which separates the conductive and dielectric regions for electrohydrodynamic instability). 22) Namely, the electroconvective system experiences no noise with the correlation time comparable to the characteristic time of the system ( N $ 0 ), which gives a close agreement with the previous results. 12) However, no destabilization effect (i.e., b < 0) was found under the present experimental condition.
In summary, the noise-induced threshold variation was investigated in detail for an electrohydrodynamic system in a nematic liquid crystal. The threshold (V c ) of the onset of convection strongly depends on the intensity (V N ), cutoff frequency ( f c ), and correlation time ( N ) of the noise. Also, the present multiplicative noise effects on the threshold appear via the wave number dependence of the patterns (WDs) owing to the deterministic frequency ( f s ). Namely, the present system (for occurring the WDs) experiences the noise strongly or weakly under the conditions of V N , N (or f c ), and f s . The onset of convection in this stochastic system is affected directly by the properties of the superimposed noise, and indirectly by the wave number dependence of the patterns (WDs). Moreover, we found a minimal threshold V cm for relevant parameters [V N , N (or f c ), and f s ]. For V cm , the noise-induced stabilizing effect becomes minimum. 
